The structural, electrical, and optical properties of layer-by-layer ZnO nanoparticles deposited using sol-gel spin coating technique were studied and now presented. Thicknesses of the thin films were varied by increasing the number of deposited layers. As part of our characterization process, XRD and FE-SEM were used to characterize the structural properties, current-voltage measurements for the electrical properties, and UV-Vis spectra and photoluminescence spectra for the optical properties of the ZnO thin films. ZnO thin films with thicknesses ranging from 14.2 nm to 62.7 nm were used in this work. Film with thickness of 42.7 nm gave the lowest resistivity among all, 1.39×10 -2 Ω·cm. Photoluminescence spectra showed two peaks which were in the UV emission centered at 380 nm, and visible emission centered at 590 nm. Optical transmittance spectra of the samples indicated that all films were transparent (>88%) in the visible-NIR range. The optical band gap energy was estimated to be 3.21~3.26 eV, with band gap increased with the thin film thickness.
INTRODUCTION
Recently, wide band gap semiconductors have actively been studied for their application in optoelectronic devices. GaN and ZnO are examples of wide band gap semiconductors which have been used for light emitting diodes and laser diodes. ZnO is mostly chosen for its better excitonic properties compared to GaN, with an excitonic binding energy of 60 meV at room temperature [1] . Besides that, because of its high transparency in the visible region and its high conductive properties, ZnO is widely used as a transparent conducting oxide (TCO), in photovoltaic devices, and sensors. ZnO is naturally n-type due to defects such as oxygen deficiency and zinc excess [2] . It is chemically and mechanically stable, non-toxic, and high abundant.
Various deposition methods have been applied to grow high quality ZnO thin films such as molecular beam epitaxy (MBE) [3] , thermal chemical vapor deposition (CVD) [4] , metal-organic cvd (MOCVD) [5] , r.f. sputtering [6] , and sol-gel methods [7] . Among the methods, sol-gel spin coating is favorable because of its simple, non-expensive preparation of homogeneous thin film, along with excellent compositional control, lower crystallization temperature and uniform film thickness [8] . In order to produce high quality ZnO thin film, it is necessary to study the param- eters that can affect the properties of the thin films, such as preand post-heating temperature, concentration of the sol, and thickness of films. Among these factors, films thickness is crucial as it is directly related to the resistivity of the ZnO thin film. The crystallites' size and orientation which depend on the film thickness play a big role in controlling the electrical conductivity of the polycrystalline ZnO film [9] . In addition, the effect of ZnO thin films thicknesses on the physical, electrical and optical properties of the ZnO thin films deposited using sol-gel spin coating technique on glass substrates will be discussed. We varied the number of coatings in order to produce different thicknesses of the thin films.
EXPERIMENTAL

Films preparation
ZnO sol was prepared using zinc acetate dihydrate (Zn(CH 3 COO) 2 ·H 2 O, Merck) as the starting material, 2-methoxyethanol (C 3 H 8 O 2 , Sigma-Aldrich) as the solvent, and monoethanolamine (MEA, C 2 H 7 NO, Merck) as the sol stabilizer. The concentration of zinc acetate was 0.4 M and the molar ratio of MEA to zinc acetate was maintained at 1.0. Solution was stirred on a hot plate stirrer with applied temperature of 80℃ for 1 hour to yield a homogenous solution. The resultant clear solution was aged for 24 hours at room temperature. Glass slides were cut into 2×2 squares and cleaned using acetone, methanol and de-ionized water in an ultrasonic bath for 10 minutes each. The sol was dropped onto the spinning glass substrate with a rotation speed of 3000 rpm for 60 seconds. Each coating was dried at 150℃ for 10 minutes to remove the solvent and organic residues. The film was then annealed in air at a temperature of 500℃ for 30 minute each layer. The process from coating to annealing was repeated 2 to 6 times to produce different thickness of the films. This layerby-layer method of ZnO thin filmdeposition has already been defined in a previous report [10] .
Characterizations
The films thicknesses were measured using a surface profiler (model: KLA-Tencor). The crystal structures were determined by X-Ray diffractometer (XRD, model: Pan Analytical). For surface morphology, field emission scanning electron microscopy (FE-SEM, model: JEOL JSM-7600F) was used with an accelerating voltage of 5 kV to examine the nanostructures of the films. To measure the current-voltage (I-V) of the films, gold was sputtered on top of the film with thickness of 60 nm to act as a metal contact. I-V measurements were done within a voltage range of -10 to 10 V using a 2-point probe (model: Advantest 6243). Room temperature Photoluminescence (PL) was performed using a PL spectrometer (model: FlouroMax3 Horiba Jobin Vyon) in the wavelength range of 330 nm to 900 nm using a He-Cd laser as excitation source. The transmittance was measured using an ultraviolet-visible spectrophotometer (model: JASCO V-670) in the wavelength range of 300 nm to 1500 nm.
RESULTS AND DISCUSSION
Structural properties
The thicknesses of the films resulting from the 2 to 6 repetitions of spin coating and annealing were found to be 14.2 nm, 20.7 nm, 42.7 nm, 51.4 nm and 62.7 nm. The XRD pattern of the ZnO films for various film thicknesses are shown in Fig. 1 . All the peaks of the ZnO films correspond to the peaks of standard ZnO (JCPDS #36-1451). Many researchers have produced highly c-axis oriented ZnO thin films using sol-gel methods using MEA as a stabilizer [11, 12] . However, here it was observed that there were three main peaks in the XRD pattern, which are (1 0 1), (0 0 2) and (1 0 0), which indicates that the films were polycrystalline and randomly oriented. According to Xu et. al [13] , the strain of the film cannot be eliminated during a 30 minute annealing duration, so the crystal quality of the thin films were not as good as reported by those who used MEA stabilizers with longer annealing time. But because of the layer-by-layer application method, the intensity of the peak increased with the film thickness, which suggests that the quality of the thicker film improved. FE-SEM micrographs of the ZnO thin films deposited are shown in Fig. 2 . From the micrographs, it is observed that nanoparticle structures were formed in the films, which is a normal characteristic of films derived from sol-gel [14, 15] . The average grain sizes measured from the FE-SEM micrographs were found to be increase with the film thickness. It was also observed that the grains become more uniform and dense as the thickness increased. Figure 3 shows the linear curve of the I-V measurement of the thin films in ambient light with voltage supply ranging from -10 to 10 V. Linear curves indicate that the gold metal contact shows ohmic behavior with the thin films. From the I-V measurement, resistivity is calculated and plotted in Fig. 4 as a function of film thickness. The resistivity firstly decreases as the thickness increased from 14.2 nm to 42.7 nm, with a minimum value of 1.39×10 -2 Ω·cm. However when the thickness was increased above 42.7 nm, the resistivity of the films also increased to a maximum value of 13.6×10 -2 Ω·cm. In this case, two behaviors can be observed. For films below 50 nm thickness, the resistivity decreased, for films with thickness above 50 nm, the resistivity increased with the film thickness. To explain this phenomena, the mobility of carrier which effected by the crystalline and nanostructure of the polycrystalline material was considered.
Electrical properties
The improvement in crystallinity with increased thickness, and increase in grains size contribute to the increase of carrier mobility and the consequent decrease in the resistivity [9] . For the second case, an increase of trapped carriers in the grain boundary causes an increase of the film resistivity, which is caused by the porosity of the film [16] . 
Optical properties
In order to investigate the effect of film thickness on the optical properties of the ZnO films, photoluminescence spectra were measured at room temperature. Two major peaks are shown in the spectra: narrow band UV emission centered at 380 nm, and broad yellow-orange emission centered at 590 nm, as shown in Fig. 5 . The UV peak corresponds to band-edge emission due to free exciton emission [17, 18] , while the orange emission is attributed to the presence of interstitial oxygen ions [19] . It is observed that as the thickness increases, the intensity of the visible emission increases, which is affected by the grain size of the ZnO. According to Van Dijken et. al. [20] , the visible emission of the PL spectra decreases as the particle size increases which is agreeable with experienced results. It is observed from the spectra that the visible emission of the 14.2 nm film is blue shifted (centered at 530 nm).
The optical transmittance and optical band gap values of the films with different thicknesses was also studied. Optical transmittance is plotted in a wavelength range of 300 to 1500 nm as shown in Fig. 6 . The films are highly transparent in the visible range (above 88%). The average transmittance is calculated and shown in Table 1 . With an increase of film thickness, the average transmittance is decreased, due to the thickness effect. Sharp band edge absorption in the UV range was observed for all films.
To obtain the optical band gap of a direct semiconductor, Tauc's model is applied as the following:
where α is the absorption coefficient, hv is the photon energy, A is a constant, and E g is the optical band gap. The absorption coefficient can be calculated based on the thickness of the films, t, and the transmittance, T, using the following formula:
The optical band gap is obtained by extrapolating the straight section of the plot of (αhv) 2 versus the photo energy. The optical band gaps of the films are also shown in Table 1 . The obtained values are slightly smaller than the band gap of ZnO crystal (3.3 eV) due to the imperfection of the polycrystalline films and existence of grain boundaries [21] .
CONCLUSIONS
ZnO thin films with different thicknesses have been deposited using a sol-gel spin coating method on glass substrates. Physical, electrical, and optical properties were found to be dependent for each film thickness. It was found that the crystalline quality and the grain size increases with film thickness. Resistivity first decreased for thicknesses up to 41.2 nm, due to an increase in carrier mobility. For films above 50 nm, the resistivity increased due to an increase of trapped carriers in the grain boundary. Intensity of the UV emission for PL spectra decreased as the film thickness increased. Optical band gap of the films were found to be slightly lower than the ZnO crystal.
